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PREFACE

The Department of Energy’s Yucca Mountain Site Characterization Project (YMP) is evaluating a
site at Yucca Mountain, Nevada as a potential repository for the disposal of high-level nuclear
waste. Credible bounding estimates of the type, concentration, and nature of the radionuclides
that might potentially escape the engineered barrier system/near field environment (EBS/NFE)
(i.e., the source term) are necessary prerequisites to assessing the expected performance of a po-
tential repository. Estimating the source term will require a combination of experimental and
modeling tasks that are designed to assess the release of radionclides from the waste form and
their transport through and interaction with the components of the EBS/NFE.

The Integrated Radionuclide Release: Tests and Model Development activity (Integrated Testing)
at Lawrence Livermore National Laboratory (LLNL) is an experimental and modeling activity
that is specifically concerned with radionuclide transport through and interaction with the compo-
nents of the EBS/NFE. As such, this activity is the link between waste-form degradation activities
and far-field transport activities. Performance analysis of the EBS/NFE subsystem is an important
component of the total system performance analyses (TSPA) that will be used to evaluate reposi-
tory performance.



1.0 PURPOSE AND OBJECTIVES

The role of the Integrated Radionuclide Release: Tests and Model Development activity (Integrat-
ed Testing) is to bound the flux of radionuclides that pass the Engineered Barrier System/Near
Field Environment (EBS/NFE). The purpose of the work outlined in this Scientific Investigation
Plan (SIP) is to measure and model the potential for transport of radionuclide elements from the
waste form through the introduced materials, their alteration products, and altered host rock that
will comprise the post-emplacement near field environment of the potential repository at Yucca
Mountain. Experimental measurements will be combined with conceptual and mechanistic mod-
els to bound the concentrations of radionuclide elements that will be released from the EBS/NFE.
The estimated releases will be used by the EBS/NFE Subsystem Performance Assessment task
(EBS/NFE PA) to calculate the source term to be used in Total System Performance Assessment
(TSPA).

The path a radionuclide may take from the waste form tprough the EBS/NFE to the unaltered re-
pository rock may intersect one or more of the following materials (hereafter referred to as flow-
path components):

- Waste package filler and packing materials and their degradation products

- Waste package metallic corrosion resistant barrier

- Waste package metallic corrosion allowance barrier and its corrosion products
- Waste package non-metallic barrier and its alteration products

- Backfill and packing (e.g. crushed tuff) and their alteration products

- Invert materials (e.g., concrete and crushed tuff) and their degradation products

- Topopah Spring tuff (host rock) that has been altered by hydrothermal interaction with ambi-
ent fluids and via interaction with EBS/NFE components.

The physical and chemical properties of these materials as initially introduced to the repository
are expected to undergo alteration to various degrees during the period of substantially complete
containment. Thus, it is the alteration products of EBS/NFE components that will define the
chemical and physical environment through which radionuclides released from the waste form
must traverse.

The physical state of potential flow-path components may range from unconsolidated fine-grained
materials such as corrosion products derived from the waste package corrosion allowance barrier,
to consolidated and fractured materials such as altered Topopah Spring tuff and concrete. Non-
gaseous radionuclide elements in the form of dissolved or colloidal species will move in an aque-
ous phase through the EBS/NFE via diffusive and advective/dispersive transport. The movement
of the radionuclide-bearing aqueous phase will be strongly affected by the properties of the mate-
rials contacted along the flow path and their liquid saturation state.

The sorptive capacity and chemical properties of potential EBS/NFE components will vary con-
siderably, and may include strongly sorbing materials such as Fe-oxide corrosion products, hyper-
alkaline materials such as concrete and fibercrete, and material with properties similar to the host
rock, such as crushed tuff backfill and/or invert.



It is anticipated (1) that the hydrologic regime in the EBS/NFE will remain predominantly unsat-
urated during the period of substantially complete containment and during the period when radio-
nuclides are released from the waste form. Although the EBS/NFE as a whole may be
unsaturated, episodic flow of water through focused or preferential fiow paths cannot be ruled out
(1). Hence, transport of radionuclides through the EBS/NFE could range from transport through
unsaturated unconsolidated porous media (e.g., backfill, corrosion products), to transport along
saturated or near-saturated preferential flow paths (e.g., fractured concrete, altered tuff). It is an-
ticipated that the temperature regime over which transport of radionuclides is likely to occur in
the EBS/NFE will range from near the nominal boiling point of in-situ fluids to near ambient; i.e.,
radionuclide transport through the EBS/NFE is expected to occur after the initial thermal pulse
has passed and temperatures are near boiling and below.

1.1 Regulatory Requirements

The information developed under this SIP will be used to assess the compliance with the perfor-
mance objective for the EBS to control the rate of release of radionuclides (10 CFR 60.113). The
information generated from this plan will serve as a component (along with information generated
in the plans for waste form and waste package testing activities and by EBS/NFE PA) in deter-
mining the source term for TSPA modeling for use in showing compliance with the Environmen-
tal Protection Agency requirements contained in 40 CFR 191.13. The information gathered will
also contribute toward estimating the source term in the calculation of long term cumulative re-
leases (10 CFR 960.3-1-5).

1.2 Relationship between this SIP and the SCP

The Integrated Testing SIP addresses the following issues and information needs (IN) that are de-
scribed in the1988 Statutory Draft of the YMP Site Characterization Plan (SCP) (9).

Issue 1.5:  Will the waste package and repository engineered barriers meet the performance
objective for radionuclide release as required by 10 CFR 60.113?

IN 1.5.3 Scenarios and models needed to predict the rate of radionuclide release from the
waste package and engineered barrier system.

IN1.5.5 Determination of the amount of radionuclides leaving the near-field environment
of the waste package.

Through input to the above issues and information needs, the results of the Integrated Testing ac-
tivities will provide data to help resolve Issues 1.1, 1.5, and 1.9.

The scope of this SIP is broadly defined by the information needs listed above and the discussions
in the SCP (Chapter 8, Section 8.3.5.10, Engineered Barrier System Release Rates) of the studies
to be undertaken to provide information to resolve Issue 1.5. The purpose of the Integrated Test-
ing activity as defined in the original SIP (10) and in the SCP was to develop a source term model
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for radionuclide transport in the NFE. At the time the SCP and the original version of this SIP
were written, the reference waste package/EBS design did not include materials other than the
waste package and the altered host rock. Hence, these documents did not discuss the effect of oth-
er materials, such as backfill, packing, invert, etc. on the transport of radionuclides through the
NFE. Although the scope of this SIP is broadened to account for these materials, the overall ob-
jective remains the same; to evaluate the interactions between EBS/NFE components as they af-
fect the transport of radionuclides so as to bound the radionuclide source term to be used in EBS/
NFE PA calculations. A schematic representation of the EBS/NFE and flow-path components for
which radionuclide transport measurements and models are needed is shown in Figure 1. The ac-
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Figure 1. Schematic representation of a waste package and the EBS/NFE showing flow-path components
through which radionuclides may travel: @ breach in waste package and associated container filler
materials and corrosion é}roducts, @ backfill/packing material, @ fractured concrete, @ fibercrete drift

covering, ® base rock, © altered Topopah Spring tuff, and @ unaltered Topopah Spring tuff.

tivities comprising the Integrated Testing task may be broadly related to the SCP according to Ta-
ble 1. ~ '



Table 1. Integrated Testing activities grouped by SCP study

SCP Study

Integrated Testing Activity

Determine radionuclide transport
parameters (SCP IN 1.5.5, Investiga-
tion 1.5.5.1, Activities 1.5.5.1.1 and
1.5.5.1.2)

Transport model parameter experiments necessary to
define the source term (Activity G-20-2) -

Radionuclide transport experiments necessary to define
the source term (Activity G-20-3)

L-laks LREV IS LV LS )

(Activity G-20-5)

Interactions of materials at repository conditions

Planning/data assessment (Activity G-20-8)

Radionuclide transport modeling in
the near-field waste package environ-
ment (SCP IN 1.5.5, Investigation
1.5.5.2, Activities 1.5.5.2.1 and
1.5.5.2.2)

Source term prediction and mode} development
(Activity G-20-6)

Model validation (Activity G-20-7)

Waste package performance assess-
ment model development (SCP IN
1,53; Tnvenﬁgaﬁnn 1.5.3.5, Activity

SRAVLBLIGGMVL Ladededy AV aLY

1.5.3.5.3)

Interactions of materials at repository conditions
(Activity G-20-5)

Source term prediction and model development
(Activity G-20-6)

1.3

Interfaces and Information Flow

Figure 2 shows the information flow and interfaces between the Integrated Testing task and other
EBS/NFE activities. The activities providing input are grouped into three categories based on the
information they provide directly or indirectly to the Integrated Testing task: 1) activities that pro-
vide information regarding NFE properties and/or models of mineralogical, chemical, and hydro-
logical evolution of the NFE in the post emplacement period; 2) activities that provide
information regarding material properties of radionuclide-bearing solutions, flow-path compo-
nents and fluid phases; and 3) activities that provide data and parameters for radionuclide sorp-
tion, diffusion, transport and speciation. These groupings are approximate and some of the

activities fall into more than one group.



NFE and Models of Mineralogical

and Chemical Evolution

s s o m— o — —

1.2.3.4.1.1
Groundwater Chemistry
Model

Site scale ambient
groundwater chemistry

Y

1.2.3.12.1
Chemistry and Mineralogical
Changes in NFE

¥volution of post-emplacement
water chemistry and
mineralogy in the NFE

{

1.2.3.10
Altered Zone

Hydrothermal alteration of
Topopah Spring tuff

¢

1.2.3.12.2
Hydrological Properties of
the NFE

Thermohydrological models
of water movement through

the NFE and Altered Zone

— — —— —— — - — — —

Material Properties Supporting Data and Parameters

 fundiniiundinniinndiveiindiiniis u r o = "

1.2.24 ] 111.2.3.4.1.4.1/2 1.2.3.4.1.2.1/3] |

Waste Form Testing i ] Sorption, Diffusion, |

I | and Transport |

Composition of fluids that have ] | { Sorption, diffusion, and trans- | §

interacted with the waste form i j| Pport parameters for Tpt tuff i

! ! |

| | !

| ] !

i | | |

1.2.2.5 | =B ‘ 1.2.3.4.2.112 |

Waste Package Materials | 1.2.3.18.3.1 i EQ3/6 |

s INTEGRATED TESTING . GEMBOCHS ;

Properties of waste package ‘ — DQVSJSL%?;;E;T ! Thermodynamic data and |
materials and their alteration B models for minerals and

products : e ; aqueous species :

é | { !

I = ; ¥ i

1.2.3.125 ! 1.2.5.4.2 l 1.2.3.10.3.2 & 1.2.3.4.1.3.4 g

Man Made Materials ’ EBS/NFE Subsystem ! Thermodynamic Data !

I Performance Assessment ! Determination {

Properties of introduced mate- Determination of source term ! Solubility and speciation ’

rials/alteration products/fluids l for TSPA | data for radionuclide |

that have interacted with them] | I elements {

o bt s - e el -4

—— v w—— aate  gmme o - e— o——

Figure 2. Information flow and relationship of Integrated Testing to other tasks.



1.3 Activities That Define the Near Field Environment and Models of Chemical,
Mineralogical, and Hydrological Evolution in the Post Emplacement Period

1.3.1.1 Interface with Groundwater Chemistry Model Activities (WBS 1.2.3.4.1.1)

There will be no direct interaction with this activity. The information provided by this activity to
the NFE Geochemistry activity will help place bounds on the ambient water chemistry that is like-
ly to contact and interact with the various components of the EBS/NFE. These bounds will pro-
vide guidance on the range in groundwater compositions to be used in initial experiments in the
Integrated Testing task.

1.3.1.2  Interface with NFE Geochemistry Activities (WBS 1.2.3.12.1)

These activities will provide the chemical, mineralogical, and thermochemical scenarios that will
define the evolution of the NFE over time. The input from these activities to Integrated Testing
will be primarily via those activities that define the material properties of the EBS/NFE. These
latter activities will utilize the information provided by NFE Geochemistry to assess the impact of
NFE processes on material properties and their alteration products. Fluid compositional bounds
that are defined by this activity will also be utilized to define the compositions 10 be used in Inte-
grated Testing experiments and models.

1.3.1.3  Interface with Altered Zone activities (WBS 1.2.3.10)

These activities together with NFE Hydrology activities, will provide the coupled thermohydro-
logical chemical models (reactive transport models) that will be used by Integrated Testing to pre-
dict the transport of radionuclides through the various components of the EBS/NFE. In addition,
these activities coupled with NFE Geochemistry activities will help define the chemical and min-
cralogical properties of the NFE host rock that has been altered by hydrothermal reactions. A por-
tion of this altered zone may extend to the edge of the EBS system and may display different
radionuclide transport properties than the ambient host rock.

1.3.1.4 Interface with Hydrological Properties of the NFE (WBS 1.2.3.12.2)

Interaction with this activity will be indirect via the NFE Geochemistry activity. However, ther-
mohydrological models coupled with chemical models (reactive transport models) that are devel-
oped by this activity and/or the Altered Zone activity will be utilized for modeling radionuclide
transport and for interpreting transport experiments.

1.3.2  Activities That Define Material Properties of Flow-Path Components and Fluids

1.3.2.1 Interface with Waste Form Testing (WBS 1.2.2.4)

The primary source of information regarding the composition of the radionuclide-bearing fluids
that result from the interaction of the waste form and water in the NFE will come from the Waste

Form Testing and Modeling activity. This information will be used to bound the compositions of
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fluids used in Activities G-20-3 and G-20-5 within the Integrated Testing task (Table 2). The
Waste Form Testing activity will define the concentration and species of dissolved and colloidal
radionuclides, and the pH and major element chemistry of fluids that are released from the waste
form.

1.3.2.2 Interface with Waste Package Materials activities (WBS 1.2.2.5)

The first material a radionuclide-bearing solution derived from the waste form will contact is like-
ly to be container materials or their alteration products. The activities in this WBS element will
provide information regarding the nature of the barrier materials, their properties, and the corro-
sion or alteration products derived from them. This information will be used to define the flow-
path components in the vicinity of the waste form to be used in Integrated Testing experiments
and models. For some of these materials, transport parameters may also be provided by these ac-
tuvities (e.g., diffusion coefficients for radionuclides in non-metallic barriers). These activities will
also provide information regarding possible packing, backfill, and invert components that might
surround the waste package. These materials, if used, wduld likely be the second type of material
contacted by a migrating radionuchide plume.

1.3.2.3  Interface with NFE Man Made Materials activities (WBS 1.2.3.12.5)

After traversing the EBS, a radionuclide-bearing solution may contact a number of materials or
their alteration products that were used in the construction of the repository. The interface with the
Man Made Materials activity primarily involves obtaining information regarding the material
properties of components of the NFE that may comprise the flow path for radionuclides leaving
the EBS, or that may affect the transport of radionuclides in the EBS. This task will provide min-
eralogical and physical property information for materials in the post-emplacement environment,
as well as provide bounding compositions for fluids that have interacted with these materials. The
nature and quantity of colloids that are derived from introduced materials will be bounded by this
activity. The biological component of the NFE, and its effect on water chemistry, will also be de-
fined by the Man Made Materials activity. The interaction of the surrounding host rock with intro-
duced materials and/or the fluids derived from them may significantly affect the chemical and
physical properties of the rock. This activity, together with the Altered Zone activity and the NFE
Geochemistry activity, will define the properties of the host rock immediately adjacent to the EBS
through which radionuclides must pass on exiting the EBS/NFE. Hence, the Man Made Materials
activity will define the chemical and physical nature of various porous media and fluids that will
comprise a significant component of the flow path of radionuclides through the EBS/NFE.

1.3.3  Activities Supplying Supporting Data for Radionuclide Sorption, Transport, and
Speciation Modeling

In order to design appropriate experiments, interpret experimental results, and model the transport
of radionuclides through the EBS/NFE, sorption, diffusion, transport, and thermodynamic data
for radionuclides are necessary.



1.3.3.1 Interface with Dynamic Transport, Sorption and Diffusion Activities (WBS
1.2.3.4.1.4.1/2 & 1.2.3.4.1.2.1/3)

These activities have measured and/or compiled an extensive data base of parameters related to
sorption, diffusive transport, and dynamic (advective/dispersive) transport of radionuclides. Sorp-
tion data include batch Kd’s measured using crushed rock from Yucca Mountain formations as
well as sorption model parameters measured using single minerals. Transport data include diffu-
sive transport through intact tuff samples, and advective transport through crushed tuff, intact tuff,
and fractured tuff samples. Most of this data have been collected at ambient temperatures. These
data provide a starting point for similar data required for EBS/NFE materials at elevated tempera-
tures. For that part of the EBS/NFE that includes tuff (e.g., crushed tuff backfill or altered tuff ad-
jacent to the EBS), the data collected from this activity are especially relevant.

1.3.3.2  Interface with EQ3/6/GEMBOCHS Activities (WBS 1.2.3.4.2.1/2)

These activitics interface with Integrated Testing by providing solubility and aqueous speciation
data and models. This information is necessary to design appropriate dynamic and diffusive trans-
port experiments, for interpreting the results of such experiments, and for predictive modeling.

1.3.3.3 Interface with Thermodynamic Data Activities (WBS 1.2.3.10.3.2 &1.2.3.4.1.3.1)

The interface with these activities is indirect and exists via interaction with the EQ3/6/GEMBO-
CHS activity described above.

1.3.4  Interface with EBS/NFE Subsystem Performance Assessment (WBS 1.2.5.4.2)

The information inputs described above, together with the experimental and modeling results gen-
erated by the Integrated Testing activity will be used to place bounds on the concentrations of ra-
dionuclides likely to reach the outer boundary of the EBS/NFE. These bounding estimates will be
provided to the EBS/NFE Subsystem Performance Assessment activity. Models developed in the
Integrated Testing task will be abstracted for use in EBS/NFE PA. Subsystem performance assess-
ment calculations will be used to predict the radionuclide source term to be used by TSPA. Sub-
system PA calculations will also be used by Integrated Testing to identify important scenarios and
potential EBS materials interactions that need to be addressed by the experimental and modeling
aspects of the task.

1.4 Quality Assurance

The activities that have been performed under the original SIP and those to be started under this
SIP are subject to procedure 033-YMP-QP2.8, “Quality Assurance Grading”. Integrated Testing
Activities (described below) G-20-2, G-20-3, G-20-5, G-20-6 have been graded and two (G-20-2,
(-20-3) have recently been revised. With the exception of Integrated Testing' Model Validation
Activity (G-20-7), work performed under the experimental activities in Integrated Testing will
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initially be undertaken under non-Quality Affecting (QA) quality controls. It is expected that as
the repository design becomes finalized and the types and properties of the actual materials mak-
ing up the EBS/NFE flow paths are defined, the experimental activities that were initiated under
non-QA controls will be regraded to Quality Affecting status. The need for preparation of Activi-
ty Plans, a more detailed planning document than the SIP, will be decided at the time of quality as-
surance grading or revision. Activity Plans will detail the specifics of how each Quality Affecting
activity or activities will be carried out and will include technical details as well as schedules,
planned training and records, use of Technical Implementing Procedures (TIPs), and expected re-
sults. TIPs may be needed for certain repetitive laboratory analyses. These will be prepared as
necessary. All experimental and modeling activities in Integrated Testing will make use of con-
trolled Scientific Notebooks, as indicated in procedure 033-YMP-QP 3.4.



2.0 SUMMARY OF PLANNED ACTIVITIES

The activities comprising the Integrated Testing task (Table 2) may be divided into three focus ar-
eas:

1. Experimental measurement and compilation of parameters needed to model radionuclide trans-
port through components of the EBS/NFE (Activities G-20-8 and G-20-2)

2. Experiments to measure the transport of radionuclides via advective/dispersive flow through
components of the EBS/NFE (Activities G-20-8, G-20-3, and G-20-5)

to make bou;1—d~ing pré:dictions of radionuclide transport through the EBS/NFE (Activities G-
20-6 and G-20-7)

3. The application, development, and validation of mechanistic, empiric, and abstracted models

Table 2. Activities for Integrated Testing

t

Activity Title
G-20-2 Transport model parameter experiments necessary to define the source term
G-20-3 Radionuclide transport experiments necessary to define the source term
G-20-5 Interactions of materials at repository conditions
G-20-6 Source term prediction and model development
G-20-7 Model validation
G-20-8 Planning/data assessment
2.1 Experimental Measurement and Compilation of Model Parameters

In order to predict transport of radionuclides using reactive transport models, a variety of chemi-
cal data are necessary. These data may include: sorption parameters (Kd's, sorption isotherms,
surface complexation constants, ion exchange constants, sorption kinetics); diffusion coefficients
(for the species and media involved); solution speciation (aqueous complexes, redox state, col-
loids); solubility (considering both equilibrium and kinetic control); and, for some species, radio-
active decay constants. The activities within this Integrated Testing focus area include
experimental and data compilation tasks limited to the acquisition of sorption and diffusion pa-
rameters for selected radionuclides and selected EBS/NFE components. The other types of data
required for modeling transport will be obtained from other YMP activities (Figure 2).
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2.1.1 Planning/data assessment (Activity G-20-8)

This activity will compile and assess existing sorption and diffusion data, identify data to be mea-
sured, and prioritize the experimental program. This activity will serve as the focal point for com-
pilation of data provided through the information feeds identified in Figure 2.

2.1.2  Transport model parameter experiments necessary to define the source term
(Activity G-20-2)

2.1.2.1 Sorption

As identified in Activity G-20-8, sorption measurements will be made for materials, radionuclid-
es, and/or temperatures for which sorption data do not exist or are not known with confidence.
Sorption measurements may include batch Kd measurements and measurement of surface com-
plexation and ion exchange constants for whole materials or single minerals from EBS/NFE flow-
path components.

2.1.2.2 Diffusion

Diffusion experiments will be undertaken to measure those parameters identified in Activity G-
20-8 that are needed to model the transport of radionuclides through heterogeneous fractured
components of the EBS/NFE and through unconsolidated materials with a dual porosity distribu-
tion (e.g., coarsely crushed tuff).

2.2 Experiments to Measure the Transport of Radionuclides

2.2.1  Planning/data assessment (Activity G-20-8)

This activity will compile, assess, and identify data needs and define experimental approaches.
Experimental test and strategy plans for transport experiments utilizing individual flow-path com-
ponents (Activity G-20-3) and multiple flow-path components (G-20-5) will be prepared under
this activity.

2.2.2  Radionuclide transport experiments necessary to define the source ternt (Activity G-20-
3)

Transport experiments will be undertaken for selected radionuclides or their analogues for which
sorption and diffusion data are available or have been measured. Experiments for EBS/NFE flow-
path components will be conducted at temperatures from ambient to boiling using solutions con-
taining radionuclides at concentrations below their solubility limits. Major element concentrations
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and pH of these solutions will bound those expected for the various EBS/NFE flow-path compo-
nents.

2.2.3  Interactions of materials at repository conditions (Activity G-20-5)

Under certain conditions, the interaction between two or more materials in the EBS/NFE may af-
fect the transport of radionuclides. For example, “contrast” in the physical and/or chemical prop-
erties for adjacent repository flow-path components may strongly influence the transport of
radionuclides across their interface. Transport measurements using individual components of the
EBS/NFE may not, therefore, capture the complexity of the transport process. Because of the
proximity-of the EBS/NFE flow-path components to the thermal source, temperature gradients
may be large enough to significantly affect sorption, diffusion, and solubility limits within a single
EBS/NFE flow-path component. Experiments to address these more complex situations will be
addressed in this activity.

t

2.3 The Application, Development, and Validation of Models

2.3.1  Source term prediction and model development (Activity G-20-6)

Modeling activities will be undertaken at several levels of detail. Process oriented mechanistic
models that account for fluid dynamics, radionuclide sorption and diffusion, radionuclide decay,
and, where necessary, radionuclide precipitation/dissolution, will be used to interpret experimen-
tal results from transport experiments and to predict the transport of radionuclides through indi-
vidual components of the EBS/NFE under various temperature and hydrologic conditions. These
models will be used to compute bounding concentrations for radionuclides at various points with-
in the EBS/NFE system for various hydrologic and thermal scenarios. Due to the complexity of
these models, their incorporation into EBS/NFE subsystem performance assessment calculations
will not be feasible. Development of look-up tables and/or simple functional relationships among
important transport parameters, EBS/NFE material properties, hydrologic environment, and tem-
perature will be developed that maintain the validity of the more complex models with respect to
bounding estimates for radionuclide transport. It is these models that will be passed on to EBS/
NFE subsystem performance assessment.

2.3.2 Model validation (Activity G-20-7)

The bounding estimates of radionuclide flux from the EBS/NFE system should be known with a
high degree of confidence. Hence, the models that will be used to make these bounding estimates
and the parameters that the models employ need to be “validated”, or tested sufficiently to build
confidence in their results. The process by which confidence in the models will be gained consti-
tutes the validation activities. The approach to validating the models will range from testing mod-
els against experimental data (bench scale, block scale, and drift scale), and against field
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observations of natural and perturbed systems. Bench scale experiments will be undertaken within
the Integrated Testing task for validation activities. Block scale experiments will be undertaken in
conjunction with the NFE Geochemistry and Altered Zone activities. Drift scale experiments for

the EBS/NFE system are not planned for the Integrated Testing activity. These experiments, if un-
dertaken, would be expected to cut across a number of activities. Where possible, field data from

other activities and/or data published from other projects, such as DOE International Program col-
laborations, will be used for building confidence in the models.
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3.0 DESCRIPTION OF INDIVIDUAL ACTIVITIES

3.1 Transport Model Parameter Experiments Necessary to Define the Source Term
(Activity G-20-2)

This activity encompasses experiments which determine sorption and diffusion parameters neces-
sary for interpretation of radionuclide transport experiments (Activity G-20-3) and for modeling
and predicting transport through the EBS/NFE (Activity G-20-6).

3.1 Sorption Experiments

Because flow-path components and fluids of the post-emplacement EBS/NFE differ significantly
in their chemical and physical properties from Yucca Mountain rocks and present day groundwa-
ters, their sorptive properties and capacities will differ significantly from those measured in the
Dynamic Transport, Sorption and Diffusion activities (WBS 1.2.3.4.1.4.1/2 & 1.2.3.4.1.2.1/3)
that have focused on the ambient conditions of the Yucca Mountain site (see Sec. 1.3.3.1). Sorp-
tion by EBS/NFE flow-path components may, depending on the materials used, provide a signifi-
cant sorptive/solubility barrier to the release of radionuclides to the far field. For elements such as
U, Np, and Se, that are not strongly sorbed by the rocks at Yucca Mountain (3), EBS/NFE materi-
als may significantly increase the overall retardation of these elements.

The interfaces and information flow identified in section 1.3 will be utilized to select and priori-
tize the materials to be used in the sorption experiments. Changes in the design for the EBS/NFE
may require changes in the materials tested or the priority of the testing. The types of materials to
be tested will include waste package filler, waste package corrosion products, hydrothermally al-
tered backfill, cementitious materials, and altered Topopah Spring tuff. The physical, chemical,
and mineralogical characteristics of these materials will be defined by the specific activities iden-
tified in section 1.3.

The radionuclide elements that will be addressed in these experiments will be selected based on
priorities developed from previous studies of sorption and transport (3,8), information from the
Waste Form Testing area (WBS 1.2.2.4), and EBS/NFE PA calculations. A concurrent Integrated
Testing activity, Planning/Data Assessment (Activity G-20-8) will compile and evaluate existing
data and identify and prioritize the data that are needed.

Sorption experiments will be carried out using trace quantities (i.e., below solubility limit) of the
relevant radionuclide or its analogue dissolved in a background electrolyte solution. The composi-
tion and pH of the radionuclide-bearing solutions will be formulated to maintain the radionuclide
as a particular aqueous species and to maintain the porous media in a specific chemical state.
Some solutions used in the experiments may be prepared to match the composition of fluids that
are predicted to evolve in EBS/NFE materials (e.g., high pH fluids from concretes or relatively
high ionic strength fluids that result when groundwater redissolves salts deposited during the re-
pository dry-out period as a result of the post-emplacement thermal pulse).
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Sorption parameters will be determined at ambient to temperatures above 100 °C using a method
appropriate for the parameter of interest:

- batch equilibration measurements of partition coefficients and sorption isotherms for crushed
material and/or unconsolidated flow-path components and fluids with compositions approxi-
mating and encompassing those that are expected in the EBS/NFE

- measurements of binary cation exchange isotherms using crushed material and/or single min-
erals to obtain cation exchange equilibrium constants.

- surface acidity titrations and sorption vs. pH measurements for determining surface complex-
ation model parameters for single mineral phases and simple electrolyte solutions.

Sorption experiments will be performed using appropriate vessels that may include pressurized
bombs and/or autoclaves for measurements above 100 °C. Standard chemical and instrumental
lCLHﬂlC}UC‘\ \COUHUH}D, prLLr()bLOplb lllrdUOﬂ} wiil be used for dﬂdlyélﬂg 11u1(15 and solid p[l&SéS
used in the experiments.

H
Partition coefficients (Kd’s), sorption isotherms, and sorption model parameters, together with
diffusion data, will be input to reactive transport models such as NUFT (5), that will be used to in-
terpret transport experiments (Activity G-20- 3) and to predict transport of radionuclides through

the EBS/NFE (Activity G-20-6).

3.1.2  Diffusion experiments

Diffusion is expected to play an important role in mass transport of radionuclide species through
EBS/NFE flow path components. Diffusion may control the rate of attainment of sorptive equilib-
rium (e.g., in zeolites and/or low porosity matrix materials) (6) and it may retard non-sorbing or
weakly sorbing species during transport through fractured or other dual porosity media (4). In re-
gions where advective/dispersive flow is zero or small, diffusion will dominate the transport of ra-
dionuclide species. Diffusion may thus control the movement of radionuclides to loci where
advective/dispersive flow dominates.

The effective or simple diffusion coefficient defines the rate of diffusive flux of a non-reacting
(conservative) species through a porous medium. This parameter is a function of the physical
state of the medium (porosity, pore size distribution, tortuosity), the volumetric water content or
saturation state of the medium, and the temperature. The apparent diffusion coefficient defines the
rate of flux of a sorbing or reactive species through a porous medium in the absence of advective/
dispersive transport. Experiments using non-reactive tracers can be used to estimate effective dif-
fusion coefficients for reactive species. Alternatively, diffusion of reactive species through a me-
dium under conditions of no retardation (e.g., when the sorptive capacity of the medium is
reached) can be used to directly determine the effective diffusion coefficient for the reactive spe-
cies. Both apparent and effective diffusion coefficients will be measured and/or estimated in this
activity.

' The interfaces and information flow identified in section 1.3 will be utilized to select and priori-
tize the materials to be used in the diffusion experiments. Changes in the design for the EBS/NFE
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may require changes in the materials tested or the priority of the testing. The types of materials
considered may range from homogeneous unconsolidated media (e.g., corrosion products) to con-
solidated fractured media (altered Topopah Spring tuff and altered concrete). The physical, chiem-
ical, and mineralogical characteristics of these materials will be defined by the specific activities
identified in section 1.3.

The radionuclide elements that will be addressed in these experiments will be selected based on
priorities developed from previous studies of sorption and transport (3,8), information from the
Waste Form Testing area (WBS 1.2.2.4), and EBS/NFE PA calculations. A concurrent Integrated
Testing activity, Planning/Data Assessment (Activity G-20-8) will compile and evaluate existing
data and identify and prioritize the data that are needed.

Diffusion experiments will be carried out using trace quantities of the relevant radionuclide or its
analogue dissolved in a background electrolyte solution. The composition and pH of the radionu-
clide-bearing solutions will be formulated to maintain the radionuclide as a particular aqueous
species, to maintain the porous media in a specific physical and chemical state, and to fix bound-
ary conditions. To examine the effect of colloids on diffusion, the diffusing radionuclide species
will be maintained in colloidal form for selected experiments.

Some solutions used in the experiments may be formulated to match the composition of fluids that
are predicted to evolve in EBS/NEFE materials. Other experiments may utilize solutions obtained
from waste form leaching experiments. These solutions would be expected to contain multiple
dissolved radionuclide species as well as colloids.

Diffusion will be measured for both saturated and unsaturated conditions at temperatures from
ambient to near 100 °C. Experiments may include:

- measuring the rate of decrease in concentration of a radionuclide-traced solution in contact
with a consolidated porous medium of specific geometry (i.e., wafers or cups of the medium)

- measuring the concentration profile of diffusing species in a porous medium or single crystal
in contact with a radionuclide-traced solution for a specified period of time

- measuring the concentration of a diffusing species in a porous medium in contact with a radi-
onuclide-traced medium at a specific volumetric saturation state

- measuring the electrical conductivity of a porous medium at a specific volumetric water con-
tent

Concentrations of radionuclides in the fluid phase will be measured by standard counting or spec-
troscopic techniques. Concentrations of radionuclides that have diffused into porous media will
be measured by incrementally sampling the media (sectioning or grinding), dissolution or extrac-
tion of the samples, and counting. For single crystals, secondary ion mass spectrometry will be
used to measure concentrations of the radionuclide versus position.

The rate of decrease of radionuclides with time in the contacting solution, or the concentration of
radionuclide versus distance in the solid will be fit by either numerical or analytical methods to an
appropriate solution to the diffusion equation for the relevant boundary conditions to determine
either effective or apparent diffusion coefficients.
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The data collected from this activity will be used as input for reactive transport models, such as
NUEFT (5), that will be used for predicting transport through the EBS/NFE (Activity G-20-6).

32 Radionuclide Transport Experiments Necessary to Define the Source Term (Activity G-
20-3)

In theory, if the chemical and physical properties of a fluid/porous medium are known, mechanis-
tic reactive transport models could be used to predict the movement of radionuclides through the
EBS/NFE. In practice, transport experiments are required to test and refine the models and to
bound the actual radionuclide transport. This activity, together with Integrated Testing activity G-
20-5, will provide the experimental measurement of radionuclide transport through different EBS/
NFE/fluid/radionuclide systems under varying hydrologic and temperature regimes.

The interfaces and information flow identified in sectiort 1.3 will be utilized to select and priori-
tize the materials to be used in the transport experiments. The EBS/NFE flow-path components
used in the experiments will include consolidated materials such as altered concrete and Topopah
Spring tuff, unconsolidated materials such as crushed tuff backfill and/or invert, and waste pack-
age container corrosion products and/or filling. Changes in the design for the EBS/NFE may re-
quire changes in the materials tested or the priority of the testing. The physical, chemical, and
mineralogical characteristics of these materials will be defined by the specific activities identified
in section 1.3,

The fluids that are used in the experiments will include simple analogues of those expected in the
EBS/NFE, as well as fluids with compositions approximating those that have been identified in
the activities that feed into Integrated Testing (Figure 2).

The radionuclide elements that will be addressed in these experiments will be selected based on
priorities developed from previous studies of sorption and transport (3,8), information from the
Waste Form Testing area, and EBS/NFE PA calculations. A concurrent Integrated Testing activity,
Planning/Data Assessment (Activity G-20-8) will compile and evaluate existing data and identify
and prioritize the data that are needed.

Most experiments will be carried out under isothermal (from ambient temperature to near 100
°C), steady state flow conditions using fully saturated and partially saturated materials. Some ex-
periments will also be undertaken under conditions of infiltration or imbibition of fluids into ini-
tially unsaturated materials.

The experimental techniques and apparatuses may include:

- Column experiments for saturated and unsaturated transport through unconsolidated materi-
als

- Core-flow experiments for saturated and unsaturated transport through consolidated intact
and/or fractured materials
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- Centrifuge experiments for saturated and unsaturated transport through unconsolidated and
consolidated intact and/or fractured materials (2)

- Core-flow and column experiments for infiltration and imbibition experiments

The experimental apparatuses will be designed to prevent flow around the edges of the materials,
to maintain steady state flow conditions, to maintain isothermal conditions, and to monitor the hy-
drologic and chemical properties of media and the fluids emanating from them. Details of the ex-
periments will be provided in documents prepared in Integrated Testing activity G-20-8.

The data from these experiments together with diffusion and sorption data will be used to bound
the transport of radionuclides through specific components of the EBS/NFE. These experiments
will provide a well constrained test of the reactive transport models that will be used to predict ra-
dionuclide transport in EBS/NFE components. However, because these will be bench scale exper-
iments, the results may not be directly applicable to block and repository scales. For those EBS/
NFE materials with physical and/or chemical heterogeneities that are large compared to the scale
of column and core-flow experiments, experiments at the block scale may also be undertaken in
conjunction with the Altered Zone (WBS 1.2.3.10), NFE Geochemistry (WBS 1.2.3.12.1) and/or
NFE Man Made Materials (WBS 1.2.3.12.5) activities. Plans for these experiments, if necessary,
will be formulated under Integrated Testing activity G-20-8.

33 Interaction of Materials at Repository Conditions (Activity G-20-5)

Although the scale of chemical and/or physical heterogeneities of individual EBS/NFE materials
are smaller than those displayed in the host rock at the repository scale, heterogeneities intro-
duced at the junction between material types and by thermal and hydrologic gradients may affect
the transport of radionuclides. Because these types of heterogeneities cannot be addressed by iso-
thermal transport experiments involving individual flow-path components, this activity will ad-
dress them.

Integrated Testing activity G-20-8 together with information from EBS/NFE PA and NFE
Geochemistry (WBS 1.2.3.12.1) and Man Made Materials (WBS 1.2.3.12.5) will be used to iden-

tify those interactions of materials (or heterogeneities) that may affect radionuclide transport
through the EBS/NFE.

The materials used in these experiments will be similar to those used in Integrated Testing activity
G-20-3. These experiments will be designed so that two or three flow-path components are as-
sembled in the same apparatus. Because some of the interface effects may arise from materials in-
teractions at elevated temperature, the flow-path components may need to be assembled and then
hydrothermally treated prior to undertaking the transport experiment. Examples of assemblages
with interfaces that display high chemical and physical “contrast” that might be used for these
types of experiments include:

altered backfill > altered concrete - altered Topopah Spring tuff
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waste package corrosion products ~* altered backfill > altered concrete

where the arrows represent the direction of fluid flow and radionuclide transport. The results of
these transport experiments, when compared to experiments that utilize individual flow-path com-
ponents, will provide information to assess the importance of these types of heterogeneities on ra-
dionuclide transport. '

In addition to material heterogeneities, steep thermal and/or hydrologic gradients may develop in
EBS/NFE materials for extended periods. Information developed in the NFE Hydrology (WBS
1.2.3.12.2), NFE Geochemistry (WBS 1.2.3.12.1) and Man Made Materials (WBS 1.2.3.12.5) ac-
tivities will be used to assess the extent and importance of these gradients. The feasibility of per-
forming radionuclide transport experiments under thermal and hydrologic gradients will be
addressed in Integrated Testing activity G-20-8.

The specifics of experimental design for this activity will be defined in Integrated Testing activity
G-20-8, and will be closely coordinated with the NFE Geochemistry (WBS 1.2.3.12.1) and Man
Made Materials (WBS 1.2.3.12.5) activities. It is expected that the experimental apparatuses and
techniques will be similar to those developed and used in Integrated Testing activity G-20-3.

The information from this activity will be used to bound radionuclide transport through the EBS/
NFE, to refine and test reactive transport models, and to identify materials interactions that are
important to radionuclide transport.

34 Source Term Prediction and Model Development (Activity G-20-6)

This activity is concerned with predicting the transport of radionuclides through the EBS/NFE
and/or flow-path components and with testing and refining models to make these predictions.
Modeling activities will be undertaken at several levels of detail. Because the knowledge base for
specific materials, radionuclides, and sorption models differs, the level of detail brought to bear
may vary for different radionuclides and/or flow-path components, and/or hydrologic scenarios.

Process oriented mechanistic models will be used wherever possible to interpret transport experi-
ments and predict radionuclide transport. Reactive transport codes such as NUFT (5), FEHMN
(11), and IDREACT (7), are numerical representations of mechanistic physical and chemical
models. These codes vary in their ability to model specific chemical and physical process. It is ex-
pected that continued development of the capabilities of these codes will be necessary before the
full range of solution phase, solid phase, and surface phase chemical processes describe radionu-
clide interaction with a porous medium can be modeled. Reactive transport codes that are able to
model the full range of chemical and hydrologic processes affecting radionuclide transport can be
used to make predictions beyond the temporal and physical/chemical conditions under which the
model parameters were collected. These codes will be used to predict bounding concentrations for
radionuclides at various points within the EBS/NFE system for various hydrologic and thermal
scenarios.
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Refinements to these models (codes), other than boundary conditions, model parameters, etc. will
be made by either the Altered Zone (WBS 1.2.3.10) or the NFE Hydrology (WBS 1.2.3.12.2) ac-
tivities, if necessary. Due to the complexity of these models, they cannot be incorporated into’
EBS/NFE PA models without simplification. Process oriented models, provided they are suffi-
ciently tested (Integrated Testing activity G-20-7), can be used to bound the expected flux of radi-
onuclides through the EBS/NFE for specific physical, chemical, and hydrological conditions.

Given bounding estimates of the flux of radionuclides under specific conditions, simplified mod-
els that relate radionuclide transport to EBS/NFE material property and state variables can be de-
veloped. These simplified models will be developed as single or multivariate functional
relationships, or as look-up tables. The goal of the model abstraction process will be to maintain
the validity of the more complex models with respect to bounding estimates for radionuclide
transport, and at the same time, simplify the models so that PA calculations are feasible. Unlike
process oriented mechanistic models, the simplified models cannot be used to predict transport for
conditions outside those for which the model was developed. The abstracted models will be used
by EBS/NFE PA for source term calculations. '

3.5 Source Term Model Validation (Activity G-20-7)

The mechanistic and abstracted models that are applied and developed in Integrated Testing activ-
ity G-20-6 will not be able to be fully validated in the sense that model predictions will perfectly
match experimental outcomes. Even if model predictions and experimental observations agree for
experiments carried out over relatively short time scales, the model may not necessarily be valid
for longer time scales. Validating models utilized in the Integrated Testing and EBS/NFE PA tasks
requires demonstrating that model predictions bound with a high degree of confidence the expect-
ed flux of radionuclides out of the EBS/NFE, i.e., the source term.

Although process oriented mechanistic models are complex and require a relatively large input of
parameters, they have the best chance at representing reality because they represent physically re-
alistic processes. The major effort of this task will be to test these models, and the submodels
within them (e.g., sorption, diffusion, fluid flow), against as many different experimental observa-
tions at as many physical scales as possible. Wherever possible, model testing will be done for
well-constrained laboratory and field experiments and/or observations.

Experiments that are specifically designed to test and validate the models will be performed in
this activity. However, experiments performed in Integrated Testing activities G-20-3 or G-20-5
may, under appropriate controls, also be used for validation purposes. Experiments that are used
to derive transport parameters and/or otherwise refine the mechanistic models will not be used for
validation tests. Bench scale validation tests will range from single material isothermal steady
state flow tests, to multicomponent, transient transport tests. Sorption and diffusion tests may also
be undertaken.

In addition to experiments undertaken in Integrated Testing, additional tests of the mechanistic
models will be provided by results of block scale and drift scale tests undertaken in conjunction
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with other EBS/NFE activities. Similarly, where appropriate, observations from natural analogue
and field studies, that are not Integrated Testing activities will also be used for model testing.

Abstracted models, because they are by necessity empiric, cannot be validated for temporal and
physical/chemical conditions outside of those for which they were developed. Hence, validation
of these models will focus on assuring that they will predict transport within the bounds estimated
by experimental observations and mechanistic modeling for the range of conditions under which
they were developed.

3.6 Data Assessment/Planning (Activity G-20-8)

This activity will compile, assess, and prioritize the experimental data collection activities in Inte-
grated Testing activities G-20-2, G-20-3, and G-20-5. This activity will also define experimental
testing approaches and strategies for Integrated Testing 4ctivities G-20-3, G-20-5, and G-20-7. Fi-
nally this activity will develop test and activity plans as required for specific quality affecting ac-
tivities.

Although the schedule and milestones for Integrated Testing cannot be predicted with confidence,
the following data compilation and planning documents were identified within this activity in the
most recent plan for Integrated Testing:

- Report on Strategies of Integrated Testing

- Plans for Transport Studies in Unsaturated Materials

- Near Field Environment/Engineered Barrier System Transport Parameter Requirements
- Source Term Model Validation Strategy Plan

- Materials Interaction Experiments Plan
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4.0 APPLICATION OF RESULTS

The information provided by this investigation will bound the flux of radionuclides released from
the EBS/NFE. This information will be used by the EBS/NFE PA task to model the behavior of
the ensemble of waste packages under repository conditions and to estimate the source term to be
used in TSPA. The information obtained in this investigation directly addresses the following is-
sue and information needs (IN) taken from the SCP:

Issue 1.5:  Will the waste package and repository engineered barriers meet the performance
objective for radionuclide release as required by 10 CFR 60.113?
IN1.53 Scenarios and models needed to predict the rate of radionuclide release from the

waste package and engineered barrier system.

IN1.5.5 Determination of the amount of radionuclides leaving the near-field environment
of the waste package.

Through input to the above information needs, the resulfs of the Integrated Testing activities will
provide data to help resolve Issues 1.1, 1.5, and 1.9.
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5.0 SCHEDULE AND MILESTONES

A sequencing of the approximate start and completion times for the major activities discussed in

this SIP is given in Table 3. The time scale shown is relative because the exact completion dates

for the various activities depends on the budget and progress made by other tasks in the YMP. As
a general guide, contingent on budget and progress, a time scale of about 5 years is envisioned for
the content of this SIP. The current YMP network charts should be consulted for more details and
the disposition of milestones for the different activities.

Table 3. Schedule for Integrated Testing activities

Activity Time (relative)

G-20-2
Model parameters

G-20-3
Transport experiments

G-20-5
Material interactions

G-20-6
Source term model

G-20-7
Model validation

G-20-8 ,
Data assessment/planning
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